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Abstract 
We developed a new method that is a combination of the intranuclear cascade model and the distorted wave Born approximation 
(DWBA) calculation, and implemented into the particle and heavy ion transport code system (PHITS). The new method was 
applied to estimate the neutron spectra in reactions induced by protons incident on the 7Li target at incident energies of 150, 246, 
and 389 MeV. The results obtained by PHITS using the new method reproduced observed sharp peaks in the neutron spectrum as 
a result of taking into account the transitions to discrete nuclear states by DWBA.  
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1. Introduction 
Quasi-mono-energetic neutron beams above 20 MeV are used for calibrating neutron detectors and measuring the 
activation cross sections of neutron-induced reactions [1]. Accelerator-based neutron sources using the 7Li(p,n)
reaction have been developed in various facilities [2]. The reactions leading to the ground state and the first excited 
state (0.43 MeV) of 7Be give two discrete peaks in the neutron energy spectrum at Qvalue = -1.64 and -2.07 MeV, 
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respectively. These reactions have a large cross-section at an emission angle of 0°. However, it is difficult to 
experimentally separate the two discrete peaks because of the small difference of these Qvalue; 0.4 MeV. Therefore, 
two discrete energy neutrons are used as a quasi-mono-energetic neutron beam. 
Particle transport simulations based on the Monte Carlo technique play an important role in the design of neutron 
source and the shielding components of accelerators. The particle and heavy ion transport code system (PHITS) [3] 
is a useful code for this purpose. PHITS can estimate the particle emissions from a beam line and energy depositions 
in target and shielding materials using the transport properties of the incident proton as well as secondary neutrons. 
The transport properties can be calculated with various models for physical processes and nuclear reactions. 
However, the intranuclear cascade (INC) model cannot appropriately reproduce the above-mentioned neutron 
spectra because the INC model does not explicitly include the transition to discrete nuclear states. We have 
developed a new method for nuclear reaction modeling through a combination of the INC model and the distorted 
wave Born approximation (DWBA) to reproduce the sharp peaks observed in the neutron spectra of proton- and 
deuteron-induced reactions. This method was ready implemented in PHITS, and was applied to estimate the neutron 
spectra for reactions on Li, Be, and C targets at incident energies of less than 50 MeV [4,5,6]. The results calculated 
by PHITS using this method could closely reproduce the experimental data of the double-differential cross sections 
and neutron yields of the reactions. In this study, we extended the applicable incident energy limit up to 400 MeV 
for the 7Li(p,n) reactions. The theoretical results of the neutron yields are compared with the experimental data to 
confirm the validity of our method in the high-energy region.  
2. Nuclear reaction model 
The new method uses the INC model to describe the dominant part of nuclear reaction processes. Herein, we used 
the intranuclear cascade of Liège (INCL) [7] or the Jet AA Microscopic transport (JAM) [8] model implemented in 
PHITS. 
The DWBA is a quantum mechanical calculation for obtaining cross sections of transitions to discrete nuclear 
states. The angular differential cross section is given as 
ሺ݀ߪ ݀ȳΤ ሻ ൌ ܨȁ ܶȁଶ,                       (1) 
where F is the kinematical factor, and TDWBA is a one-step transition matrix element of DWBA, defined as  
ܶ ൌ ܰൻ߯௙߮௣ห ෠ܸ ห߯௜߮௡ൿ.                                                                                                                          (2) 
Here, N is the normalization factor; Fi and Ff are the distorted waves of the incoming proton and the outgoing 
neutron, respectively; V is the residual interaction; and Mn and Mp are the single particle wave functions of the 
neutron and proton, respectively. The DWBA calculation was performed using the two-step finite-range DWBA 
code, TWOFNR [9]. The optical potentials used to calculate Fi and Ff were obtained from the global optical 
potential parameters reported by Koning and Delaroche [10]. It should be noted that for the incident energies above 
200 MeV we optimized the real parts of the p-7Li and n-7Be potentials, starting from the original parameters. We set 
their potential depths for p-7Li and n-7Be to five and three times the original value, respectively, so that the DWBA 
result reproduces angular dependence of experimental data. The Lane-type interaction parameterized in Ref. [11] 
was used as the residual interaction V. In the calculation, the ground state and the first excited state of 7Be were 
considered as the final state produced by the (p,n) reaction. The normalization factor N is determined and employed 
to ensure that the sum of the (dVd:)DWBA values at the emission angle of 0° for the two final states is 27 mb/sr, 
which was estimated in Ref. [12] as a typical value of the cross section in the center of mass system for the incident 
energies between 100 and 800 MeV.  
We performed the combined method in PHITS using the following algorithm. When a nuclear reaction event 
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occurs in a PHITS simulation, the probability of a DWBA event is randomly determined according to the ratio of the 
DWBA cross section VDWBA to the total reaction cross section. The VDWBA value is calculated using integration over 
the emission angle and summation over the two final channels of (dVd:)DWBA, which are calculated in advance via 
calculations using the TWOFNR code. The total reaction cross section is calculated with the Pearlstein-Niita 
formula selected in the default setting of PHITS. If the DWBA event occurs, a reaction channel is randomly 
determined according to the cross sections, and an emission angle is subsequently sampled with the DWBA angular 
distribution. The probability of this event depends on the value of (dVd:)DWBA for the sampled final channel and 
emission angle. If the DWBA event does not occur, an INC calculation by means of INCL or JAM is performed to 
determine the nuclear reaction event. After the INC calculation, evaporation processes are calculated with the 
evaporation model GEM [13]. 
3. Results and discussion 
Figure 1 shows the angular dependence of the cross sections of the 7Li(p,n)7Be reaction at an incident energy of 
389 MeV as obtained by the DWBA calculation. The experimental data obtained from Ref. [14] are also shown. The 
calculated result is the sum of two results corresponding to the transitions to the ground and the first excited states of 
7Be. The result of the calculation with DWBA can sufficiently reproduce the experimental data except for the 
regions around 15° and 30°. These deviations are attributed to a strong interference pattern in comparison with that 
of the data. Although we adjusted only two parameters of the optical potentials in this study for simplicity, the 
improvement of the reproduction is expected by further modification of the parameters. 
Using the new method, we performed the PHITS calculation to estimate neutron spectra from a 7Li target via the 
(p,xn) reaction. We set the thickness of 7Li to 10 mm and the incident energies to 150, 246, and 389 MeV to 
compare with available experimental data [14, 15]. The data for 150 MeV were measured with a 7Li metal (99.98% 
enriched) target by Nakao et al. [15]. On the other hand, Iwamoto et al. [14] used a natural Li (6Li 7.6% and 7Li 
92.4%) target to obtain the data for 246 and 389 MeV. For the cross section of the sharp peak, they estimated 
contribution from its impurity to be 4% from a result that a ratio of V(7Li) to V(natLi) is 1.04. Therefore, calculated 
results for the incident energies of 246 and 389 MeV have an uncertainty of about 4%. 
Fig. 1.  Angular differential cross sections of the 7Li(p,n)7Be reaction at 389 MeV. Solid line represents the DWBA result, and closed circles 
denote experimental data taken from Ref. [14]. 
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Fig. 2.  Neutron yields of the 7Li(p,xn) reaction at 150 MeV and an emission angle of 0°. Experimental data obtained from Ref. [15] are denoted 
by closed circles. Dotted, dashed, and solid lines denote the results obtained via the PHITS calculation using the three nuclear reaction models, 
JAM, INCL, and the new method (INCL with DWBA), respectively. 
Figure 2 shows the neutron yields of the 7Li(p,xn) reaction at an emission angle of 0° and an incident proton 
energy of 150 MeV. In the present study, we used a combination of INCL and DWBA as the new method. The 
experimental data exhibit a sharp peak around 145 MeV and a broad peak below 140 MeV. The sharp peak 
corresponds to the transitions to the two discrete levels of the residual nucleus 7Be. Although the results of JAM and 
INCL cannot reproduce this peak, a reasonable agreement between the results of the new method and the 
experimental data is found around 145 MeV. The contribution from the DWBA model is very effective in 
reproducing the data. On the other hand, both the JAM and INCL results underestimate the experimental data for the 
continuum neutrons below 140 MeV. This is possibly because the present models do not consider contribution from 
the giant resonance, as indicated in Ref. [16]. The giant resonance is a collective excitation of the residual nucleus. 
The INC models, which are based on the semi-classical picture, are generally hard to describe the collective motion. 
The microscopic model using the distorted wave impulse approximation (DWIA) calculation used in Ref. [16] can 
effectively describe the giant resonance. In the calculation, many one-particleone-hole (1p1h) nuclear excitations 
are taken into account. If we use the similar procedure of our combination method, we can also consider the 
contribution by DWIA. 
Figure 3 shows neutron yields of the 7Li(p,xn) reaction at 0° at a proton energy of 246 MeV. The result of the 
DWBA calculation reproduces the sharp peak around the neutron energy of 240 MeV of experimental data. A 
deviation is observed between the experiments and calculations below 240 MeV. This underestimation can be 
possibly attributed to the fact that the contribution from the giant resonance effect is not considered in the present 
calculation. However, the two calculated results overestimate the data below 20 MeV, where the evaporation 
process is dominant. This suggests that the neutron emission from the residual nuclei such as 7Li or 7Be with 
excitation energies is inadequately described in the calculation. In order to improve the accuracy of the PHITS 
simulation, the production process of the residual nucleus with high excitation energies should be suppressed in the 
nuclear reaction model.  
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Fig. 3.  Neutron yields of the 7Li(p,xn) reaction for the incident energy of 246 MeV at an emission angle of 0°. Experimental data are obtained 
from Ref. [14]. 
Figure 4 shows the neutron yields at an emission angle of 0° for the 7Li(p,xn) reaction for 389 MeV. The peak for 
the result calculated by the new method shows an excellent agreement with that of the experimental data. The INCL 
with DWBA result is lower than the experimental values in the region between 200 and 380 MeV due to the 
neglected effects of the giant resonance in the simulation. Furthermore, the calculated results cannot reproduce the 
shape of in the neutron energy between 50 and 200 MeV, although their absolute values are close to each other. This 
indicates that the improvement of the INC models is required in the description of quasi-free scattering processes. It 
should be noted that the result of JAM is different from that of INCL in the region between 50 and 150. Furthermore, 
the JAM result overestimates the experimental values in the energy region. A minor discrepancy is also observed 
below 20 MeV between the calculated and experimental data as in the previous case. 
Fig. 4. Neutron yields of the 7Li(p,xn) reaction for 389 MeV at the 0o emission angle. Experimental data taken from Ref. [14] are denoted by 
closed circles. Dotted, dashed, and solid lines represent results of the PHITS calculation for the three models. 
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4. Conclusions 
We have applied a new method that combines INCL and DWBA for describing the neutron spectrum of the 
proton induced reaction on 7Li at incident energies of 150, 246, and 389 MeV. Using the TWOFNR code, the 
DWBA calculation was performed to obtain the 7Li(p,n)7Be cross section, resulting in discrete peaks in neutron 
spectra. Sharp peaks observed in the neutron spectra cannot be reproduced by the PHITS calculation using JAM and 
INCL, whereas the peaks are successfully reproduced by the new method including DWBA. The discrepancy 
between the calculated results and the experimental data is found in the continuum region of the neutron spectra. For 
including the contribution from the giant resonance, the improvement of the present model by adding DWIA results 
is important future work. In conclusion, the new method is very useful to accurately reproduce the sharp peak in the 
neutron spectra of 7Li(p,xn) reaction in the PHITS simulation. 
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